ABSTRACT: Degenerative joint disease (DJD) of the ankle is a debilitating chronic disease associated with severe pain and dysfunction resulting in antalgic gait alteration. Little information is available about segmental foot and ankle motion distribution during gait in ankle osteoarthritis. The aim of the current study was to dynamically characterize segmental foot and ankle kinematics of patients with severe ankle arthrosis requiring total ankle replacement. This was a prospective study involving 36 (19 M, 17 F) adult patients with a clinical diagnosis of ankle arthrosis ("DJD" group) and 36 (23 M, 13 F) healthy subjects ("Control" group). Motion data were collected at 120 Hz using a 3-D motion camera system at self-selected speed along a 6-m walkway and processed using the Milwaukee Foot Model (MFM). The SF-36 Health Survey and Orthopaedic Foot and Ankle Society (AOFAS) ankle-hindfoot scale were administered to evaluate functional levels. Findings include decreases in walking speed, cadence, stride length and swing phase, and reduced outcomes scores (SF-36 and AOFAS). Multisegemental motion in patients with ankle DJD demonstrates significant changes in foot mechanics characterized by altered segment kinematics and significant reduction in dynamic ROM at the tibia, hindfoot, forefoot, and hallux when compared to controls. The results demonstrate decreased temporal-spatial parameters and low outcomes scores indicative of functional limitations. Statement of clinical significance: Altered segment kinematics and reduced overall range of motion demonstrate how a single joint pathology affects kinematic distribution in the other segments of the foot and ankle and alters patients' overall gait. ß
Degenerative joint disease (DJD) of the ankle is a debilitating chronic disease associated with severe pain and dysfunction. 1, 2 Reports suggest that endstage ankle arthritis causes substantial debilitation and reduction in quality of life and overall wellbeing. [1] [2] [3] [4] Review of published literature on the treatment of ankle osteoarthritis indicates that primary osteoarthritis in the ankle is rare, and that secondary osteoarthritis that follows rotational ankle fractures or recurrent ligamentous instability is much more common. 5 Ankle arthrosis, whether idiopathic or posttraumatic, is a significant cause of patient discomfort and resultant antalgic gait alteration.
Little information is available about segmental foot and ankle motion distribution during gait in ankle osteoarthritis. 6 Current literature investigating gait in patients with ankle DJD mostly involve postoperative lower extremity gait analysis where the foot is treated as a single rigid segment. 3, [7] [8] [9] [10] Studies demonstrating dynamic segmental foot characteristics in the DJD population are limited with most conducted postoperatively or with a small number of subjects. 11, 12 In a technical publication in 2006, Khazzam et al. 13 completed a quantitative segmental foot and ankle analysis of patients with ankle arthrosis. Unlike the immediate work, the Khazzam study assumed a vertical tibia during static alignment. Results showed decreased motion of the hindfoot, forefoot and hallux. In 2013, Brodsky et al.
14 published a gait study following total ankle replacement using a multi-segmental foot model. Gait analysis was conducted at an average of 4.9 years after surgery. Results demonstrated significant differences in temporospatial parameters and significantly reduced ankle range of motion across all three planes on the limbs with ankle replacement as compared to the unaffected side suggesting that gait is not fully restored to normal after ankle arthroplasty. This study showed significant reductions in the ranges of motion of the hindfoot in patients after arthroplasty, particularly in the sagittal and coronal planes. With no preoperative data, it was unclear if this hindfoot limitation and distal segmental motion restrictions were present before surgery or a consequence of ankle replacement. Rouhani et al. 12 reported similar findings that while post-arthroplasty patients significantly improved, gait was not completely restored. In the same study, the majority of kinematic parameters of the three-segment foot were impaired both preoperatively and following ankle arthrodesis.
Similar observations were noted by several other studies examining function and gait of patients after ankle replacement and fusion. 11, 15, 16 In 2015, Jastifer et al. 15 stated that while these studies have demonstrated improved gait after both ankle arthroplasty and ankle arthrodesis, neither procedure restores gait to normal. These results prompted us to investigate kinematic mechanisms that may be occurring in adjacent joints and down the kinematic chain which may account for limitations in gait.
The aim of the current study was to dynamically characterize segmental foot and ankle kinematics of patients with severe ankle arthrosis requiring total ankle replacement. We hypothesize that patients with ankle DJD will have significantly altered sagittal kinematics and limited sagittal and coronal range of motion at the hindfoot relative to the tibia. We also hypothesize that as a result of hindfoot limitations, significant differences between the preoperative DJD group and the control group will be observed in the distal segments (forefoot and hallux) in all three planes. 
METHODS

Motion Analysis
Foot and ankle motion studies were conducted in the Center for Motion Analysis at the Medical College of Wisconsin. Motion data were collected at 120 Hz using a 3-D motion camera system (Vicon MX System; Vicon Motion Analysis System, Oxford, UK). Data were collected during walking trials at self-selected speed along a 6-m walkway and processed using the Milwaukee Foot Model (MFM). The MFM is a four-segment model of the foot and ankle which has been validated for adult and pediatric populations. [17] [18] [19] [20] [21] The MFM allows three-dimensional (3-D) evaluation of the tibia, hindfoot, forefoot, and hallux, and uses weightbearing radiographs to index marker position to underlying bony anatomy. 18, 22, 23 Using standard gait procedures, the MFM tibial motion is reported with respect to global (lab) and all distal segments with respect to their more proximal segments. 18 Statistics Minimum, maximum, and range of motion values during the seven phases of gait as described by Perry 24 were compared between the DJD group and the Control group using Hotelling T 2 tests applied separately for each plane (three planes) of each segment (four segments). Temporal-spatial parameters (cadence, stride length, stance duration, and walking speed) were also compared between the groups. First, the Hotelling T 2 test was used with post hoc twosample t-tests separately for each temporal-spatial parameter. To control the study-wise false discovery rate at 5% we declared significance for Hotelling tests when their p-values were below 0.00135 (Bonferroni adjustment for multiple comparisons). Then, if an omnibus Hotelling T 2 test was significant, we compared the minimum, maximum, and range of motion (ROM) between the DJD and Control groups with Welch's two sample t-test and declared significance at p < 0.01. Power analysis was done with a focus on the overall hindfoot ROM to determine required sample size at 80% power and a significance level of 0.05.
Outcomes Assessment
The SF-36 Health Survey and Orthopaedic Foot and Ankle Society (AOFAS) ankle-hindfoot scale were administered to evaluate functional levels in both groups. Specific subscale scores of interest in the SF-36 included physical functioning (extent to which health interferes with physical activities), role functioning-physical (extent to which physical health interferes with work and daily activities), bodily pain (intensity and effect of pain on work), and general health (personal evaluation of health).
RESULTS
Temporal-Spatial Parameters
The temporal-spatial parameters were moderately to highly correlated which justified the use of Hotelling T 2 test for comparing DJD and control groups. Hotelling T 2 p-value of <0.001 demonstrated that the groups are significantly different. Post hoc t-tests showed significantly slower walking speed, decreased stride length, decreased cadence, and prolonged stance phase in participants with DJD (Table 2 ).
Tibia Kinematics
Hotelling T 2 results were highly significant with p < 0.001 indicating that at least one phase was different between DJD and control groups. The following are the significant tibial kinematic changes observed in the DJD group as compared to the control group. Sagittal plane tibial kinematics demonstrated a diminished forward orientation (p 0.0011) of the tibia from midstance through terminal swing (Fig. 1) . Coronal kinematics showed a significant shift towards adduction at midstance and from initial swing through terminal swing (p 0.0097). Transverse kinematics showed significant external rotation at initial swing. Except at preswing and initial swing, ROM was significantly decreased for the DJD group throughout the gait cycle along the sagittal plane (p 0.0001).
Coronal ROM was decreased at load response, terminal stance, initial swing, and terminal swing (p 0.0067). Transverse ROM was significantly reduced from load response through midstance and at midswing (p 0.0019).
Hindfoot Kinematics
Hindfoot kinematic parameters along the coronal and sagittal planes were significantly different between the groups with p < 0.001. Transverse kinematics showed no significant differences. Significant hindfoot kinematic changes were seen in the DJD group. There was decreased hindfoot dorsiflexion (p 0060) from midstance through preswing and from midswing through terminal swing in the sagittal plane (Fig. 2) . In the coronal plane, there was decreased inversion (p 0027) from preswing through initial swing. Significant decreases in ROM were found at midstance, preswing through initial swing, and terminal swing (p 0.0043) in the sagittal plane and from preswing through initial swing (p < 0002) in the coronal plane.
Forefoot Kinematics
Hotelling T 2 results were highly significant with p < 0.001. The DJD group demonstrated significant forefoot kinematic changes across the three planes. The forefoot demonstrated a less plantarflexed position throughout the gait cycle (p 0.0091) (Fig. 3) . Significant forefoot eversion (p 0.0086) and significantly less adduction (p 0.0056) were also demonstrated throughout the gait cycle except at midstance and terminal stance. Increased ROM at midstance (p ¼ 0014) and diminished ROM from preswing to initial swing (p 0028) were observed in the sagittal plane. There was reduced ROM at load response in the coronal plane (p ¼ 0001). The transverse plane demonstrated decreased ROM at load response and preswing (p 0001) while showing an increase in range at terminal stance (p ¼ 0.0004). Hallux Kinematics Hotelling T 2 results were highly significant with p < 0.001. The following significant kinematic changes in the DJD group revealed altered hallux positions and ROM. The hallux demonstrated a significant decrease in dorsiflexion from preswing through initial swing (p 0.0001) (Fig. 4) . There was increased supination (p 0.0056) throughout the gait cycle. Transverse kinematics showed significant valgus shift (p 0.0088) from midstance through preswing. Sagittal ROM was decreased from preswing to initial swing (p 0.0001). ROM was decreased from preswing to initial swing (p 0.0020) in the coronal plane and at initial swing (p ¼ 0038) in the transverse plane.
Outcomes Assessment SF-36 results are presented in Table 3 . Compared to the Control group, significant reductions were seen in all but one subscale (mental health). The three lowest subscale scores for the DJD group were role functioning-physical, bodily pain and physical functioning. The average AOFAS score among the DJD group was 41.68/100.
DISCUSSION
The aim of the current study was to dynamically characterize segmental foot and ankle kinematics in patients with severe ankle arthrosis. Results demonstrated kinematic changes in different segments of the foot and ankle across three planes during gait. In healthy ambulators, the greatest amount of motion occurs in the sagittal plane, which consists of ankle plantarflexion and dorsiflexion. Sagittal range has been reported to be 13-33˚of dorsiflexion and 23-56o f plantarflexion. 25 According to most studies, sagittal range of motion required for normal walking is around 12˚of dorsiflexion and 15˚of plantarflexion. 26, 27 Transverse-plane motion, which consists of external and internal rotation, is coupled with sagittal plane motion. Michelson et al. 28 reported that dorsiflexion resulted in an average of 7.2 AE 3.8˚of external rotation of the foot relative to the leg and 1.9 AE 4.12˚of internal rotation with plantarflexion. Coronal motion is described as varus or valgus rotation (inversion-eversion). In plantarflexion, the ankle moves into inversion and goes towards eversion as the ankle goes into dorsiflexion. 6, 28, 29 Results from the present study showed that the average sagittal range of motion of Values are scaled to a 100-point scale.
SEGMENTAL KINEMATICS IN ANKLE ARTHRITIS the hindfoot segment relative to the tibia in the DJD group was well below the functional range required for ambulation. This analysis reflected a power of 100% at a significance level of 0.05 for the population studied. Overall ROM was significantly different and reflected adequate power with a sample size of 6 at 80% power and 0.05 level of significance. The decreased inversion at preswing through initial swing is consistent with the limitation in ankle dorsiflexion. The lack of forward orientation of the tibia also reflects this limitation in sagittal motion and has not been reported elsewhere. Range of motion changes were also significant in multiple planes across all segments. These findings are consistent with the results of the study by Rouhani et al. 12 who demonstrated decreased range of motion between tibia and calcaneus segments and the motion between the calcaneus and metatarsal segments in patients with ankle arthritis as compared to controls. The present study with a larger population demonstrates greater magnitude differences in ROM and describes hallux motion relative to the forefoot. As hypothesized, hindfoot limitations affected kinematic distribution in the distal segments. The forefoot shift towards dorsiflexion throughout the gait cycle seems to compensate for the lack of dorsiflexion at the ankle. The forefoot also demonstrated a significant shift to valgus except at mid and terminal stance. Decreased dorsiflexion at the hallux may be explained by virtue of the windlass mechanism. 30 These kinematic changes are characteristic of flattening of the plantar arch and inadequate push off as evidenced by decreased preswing ROM in the hindfoot, forefoot, and hallux. These changes are also consistent with alterations in temporal-spatial parameters such as reduced walking speed, cadence, stride length, and swing phase. Significantly lower outcomes scores from the SF-36 (role functioning-physical, bodily pain, and physical functioning) and AOFAS as compared to controls are consistent with these kinematic changes and demonstrate reduced ambulatory function and ability to do activities of daily living prior to operative treatment for DJD.
The current study provides a quantitative assessment of multisegmental foot and ankle kinematics in DJD of the ankle. The main findings of this study are consistent reductions in ankle ROM with alterations throughout all four segments confirming that ambulatory function is affected down the kinematic chain. Postoperative gait analysis following both total ankle arthroplasty and ankle arthrodesis suggest that the improvements in gait after surgery still fall short of restoration of normal gait. 11, 12, 14 One key advantage of ankle arthroplasty over ankle arthrodesis is restoration of functional range of motion which is sacrificed in ankle fusion. 8, 12 Improved ROM allows patients to better perform activities of daily living and perhaps resume an active lifestyle. In the healthy ankle, motion occurs in the sagittal, coronal, and transverse planes. 25, 26 In the postoperative multisegmental gait study by Brodsky et al., 14 it was shown that despite improvements in gait following total ankle arthroplasty, residual abnormalities of gait pertaining to hindfoot function persisted. Although their study utilized a multisegmental foot model, emphasis was given to the hindfoot segment and not the forefoot or hallux segments. Doets et al. 11 had similar results in that patients who underwent total ankle arthroplasty achieved a near-normal gait pattern but with residual limitations through the forefoot. In patients who underwent ankle arthrodesis, motion in the tibiotalar joint is further limited. These findings are consistent with Rouhani et al. 12 who reported that despite expectations of improvements in foot function from pain alleviation, the majority of kinematic parameters across the foot segments were impaired.
The current study demonstrated that, preoperatively, there are dynamic hindfoot changes that occur primarily in the sagittal and coronal planes. These same limitations are noted in literature on the postarthroplasty hindfoot. 12, 14 Distal foot segments were also shown to have altered positions and ranges of motion. Whether these limitations are functional or structural or both remains an area of interest, although beyond the scope of the current study.
Results from the present study indicating multisegmental involvement in patients with ankle DJD confirm that dynamic changes exist throughout the distal segments of the foot. Thorough preoperative examination of the hindfoot and other segments of the foot and ankle to establish if there are existing limitations and to determine if there is concomitant arthritis due to compensatory mechanisms cannot be overlooked. Extensive understanding of proximal and distal joint mechanics apart from that of the tibiotalar joint may help explain biomechanical changes occurring preoperatively and postoperatively. Fluoroscopic motion analysis has demonstrated the significant role of the subtalar joint in sagittal plane motion during gait. 31 Future studies may employ the use of fluoroscopic technology to better understand subtalar and distal joint contributions to gait in patients with ankle arthritis.
The present study may have potential limitations, particularly, the significant differences in age, weight, and BMI between the DJD and the Control group (Table 1) . Although gait may vary greatly from childhood to adulthood, previous authors have demonstrated that temporal/distance parameters stabilize by age 20 and remain largely unchanged throughout most of adult life. 32, 33 Based on agestratified temporal parameters, 32 differences of 3.9% in walking speed, 3.7% in stride length, 1% in stance duration, and no change in cadence are expected between the ages of the two groups in the study. The larger changes measured in this study (À33.3% walking speed, À25% stride length, þ6% stance duration, and À10.5% cadence) may be attributed to a pathologic cause. The SF-36 results of the DJD group, when compared to age-matched normative values, 34 showed significant decreases (p < 0.0001) in "Physical Function," "Role-Physical," and "Bodily Pain" subscales. Differences in weight and BMI between the two groups showed that the DJD group averaged on the overweight side. A previous study by Penner et al. suggests that, like knee osteoarthritis which has been shown to be a sequela of obesity, symptomatic arthritis in the weight-bearing lower extremity, including the ankle joint, may be correlated with obesity. 35, 36 This previous study reported that pain and disability were significantly reduced but mean BMI remained unchanged after successful ankle reconstruction, indicating that obesity is likely attributable to factors other than limited mobility caused by ankle arthritis. 35 Future kinematic studies comparing preoperative gait with postoperative data may reveal how weight or BMI factors are related to foot and ankle motion in this patient population.
In summary, findings from the current study, such as decreases in temporal-spatial parameters and low outcomes scores, are indicative of functional limitations. Multisegemental foot and ankle motion analysis in patients with ankle DJD demonstrates significant changes in foot mechanics characterized by altered segment positions and significant reductions in dynamic ROM at the tibia, hindfoot, forefoot, and hallux when compared to controls. Most notable findings include significant decreases in sagittal and coronal hindfoot kinematics, consistently shifted positions of the hindfoot and forefoot along the sagittal plane characteristic of flattening of the arch, and reduced dynamic ranges at the hindfoot and distal segments during preswing denoting inadequate push off. Although literature shows postoperative findings in patients with ankle arthritis approaching that of healthy individuals, patients still exhibit some limitations after ankle surgery. Kinematic distribution postoperatively has not yet been reported in the way the current study has characterized foot and ankle mechanics preoperatively. The present study demonstrates that the distal foot segments are affected by ankle arthritis which alters the patients' overall gait. Future research may include comparative studies to describe how such preoperative changes respond postoperatively. Such work may also examine correlations between dynamic ROM and clinical goniometric ROM. The goal is to develop a better predictive model of postoperative segmental foot motion secondary to ankle arthroplasty.
